The present paper reports a numerical investigation on the aerodynamic performance of a CRH2 high-speed train and bridge system under the strong cross wind. Effects of the train running speed on the train-bridge system were addressed comprehensively. For a running train, the aerodynamic drag and overturning moment on the head coach are larger than those on the other coaches, especially the trailing one. Reynolds number has significant effects on the train-bridge system with the yaw angle of oncoming wind of 42° and 90°. With the increase of the train running speed or the yaw angle of oncoming wind, the drag and lift of both the train and the bridge increases gradually, especially those on the head coach of the train.
INTRODUCTION
With the fast-growing national economy, China railway construction industry has been experiencing a golden period of opportunities in the recent decades. The implementation of the so-called "eleventh five year" and "twelfth five year" development plans and "medium and long term railway planning network" program have stimulated the rapid development of high-speed railway (HSR) across the country. By the end of September 2016, the total length of the HSRs in China has exceeded 20 000 km. Many more HSR lines are either under construction or in the planning. China ranks first in the world in terms of HSR's mileage and construction scale. The high speed train demands a strict requirement for track regularity. To achieve this end, considering also the protection of arable lands, the demand of economic development and the rapid construction of HSRs, "bridge" is the preferred type of construction in many regions of China. This results in relatively high percentages of bridges for HSRs. For example, the average bridge occupation ratio is greater than 50% and the maximum bridge ratio is as high as 94.2% on Guangzhou-Zhuhai intercity railway. In addition, viaducts are common in China, such as the Dankun Grand Bridge (from Danyang to Kunshan) (165km) on Beijing-Shanghai HSR, the Tianjin Bridge (123km) and Cangde Bridge (106km) on Beijing-Shanghai HSR, which contribute to the high bridge occupation ratios.
Wind effects on a bridge is a very complex phenomenon, involving the natural wind characteristics, dynamic performance of the bridge and interactions between them. The strong winds may generate intensive vibrations of the bridges and trains, and this issue could become even more critical due to the strong couplings between bridges and trains. Actually, a large number of accident investigations have shown that crosswind may cause the train to overturn. For example, 30 such train accidents were recorded from 1899 to 2006 in Japan.
A large number of researchers have investigated the aerodynamics effects on vehicle-bridge system based on the full-scale testing [1] , wind tunnel testing [2] , or computational fluid dynamics (CFD) [3] . In this study, CFD-based numerical simulation was used to investigate the aerodynamic performance of the CRH2 (China railways high-speed train) and bridge under strong cross winds, with an emphasis on the examination of the aerodynamic drag force, lift force, overturning moment together with the surface pressure of the train.
MODELS AND SETTINGS
To explore the underlying mechanism of aerodynamic in the vehicle-bridge system, CFD technique was employed to study the change of aerodynamics of the vehicle-bridge system under the strong wind. In this study, considering the blocking probability must be less than 5% and put in the structure is reasonable, we can obtain more reliable results by numerical simulation. Based on the principle of flow near shall not affect the study object and through the calculation of multiple. The selected three-dimensional (3D) computational domain is 18B×5B (length and height, respectively, B=width of the bridge). The distance from vehicle-bridge system to Velocity-inlet is 6B and to the Outlet is 12B and to the Symmetry is 5B. The bridge is a multiple-span, simply-supported bridge. One span is 32m, so this bridge length is 32×11=352m.Because of the Geometry of vehicle-bridge system is very complex that numerical study on this case with Unstructured Grid Method. Fig.1 shows that mesh of vehicle-bridge system. The inlet boundary is the uniform flow with wind speed of 15m/s, and the velocity at the outlet boundary satisfies the zero-gradient condition. The no-slip condition is applied to the upper and lower boundaries, and the bridge and train surfaces. The computational domain together with flow boundary conditions used in the simulations is illustrated in Fig.2 . In addition, the Neumann and Dirichlet pressure conditions are respectively employed at the inlet and outlet in this study. Turbulence intensity is selected as 0.5% in accordance with the measured value. Since the Mach number of cross wind is less than 0.3, the flow is treated as the unsteady incompressible fluid. The commercial grid generator software ICEM-CFD was utilized to create the computational mesh (unstructured). Reynolds-averaged Naver-Stokes (RANS) equations were solved together with shear stress transport (SST) K-ω turbulence model (Menter 1994) , where the semi-implicit method for pressure-linked equations (SIMPLE) algorithm was utilized for pressure and velocity coupling. 
COMPARISON OF LITERATURE AND SIMULATED RESULTS
Marco shows that the drag force, lift force coefficients of ETR480 first vehicle and the second vehicle on the viaduct bridge. The grid refinement study was conducted to ensure the reliability of simulation results [4] . Fig. 4 shows the simulated and measured drag coefficients of train and bridge models. It is shown that the numerical simulations fit Marco's results well and the errors are controlled within 5%, which demonstrates the high fidelity of the numerical results based on the employed simulation schemes. 
The Effects of Yaw Angle
The compared results between the vehicle-bridge system in different case (Vtrain=350, 300, 200, 120,0 and Vwind=15, 20, 25, 30, 35, respectively and the Reynolds number at 107) are shown in Table 1 . There are significant differences for the aerodynamic coefficients of the head car, intermediate car and tail car. The drag force coefficients of each car increases with wind direction enlarged. And the values present similar behaviour with drag force coefficients of static train. While the drag force coefficients of the head car are 1.5 times larger than the intermediate car and much larger than the tail car. It seems that the most severely affected area is the head car by cross wind. From case 1 to 4, the lift force coefficients of each car increases with wind direction enlarged, while the case 5 is reduced. As can be seen from the table, compared to the torsion moment performance of each car. The values present similar behaviour of the head car and intermediate car, the values of tail car are less than others. Sketch of the simulation train model with their details are shown in Fig.9 . A total of 5 sections are selected from the train model. From the instantaneous streamlines shown in Fig. 10 it is found that there is impinging region at windward of vehicle-bridge system. Section y=30m with 2 vortex appears near the train and around the downstream, while section y=12m, y=0m and y=21m with bigger vortex and the location move back gradually with the evolution. With the train moving, section y=36m shows that vortex shedding past the vehicle-bridge system. As a result of these effects, the flow around these sections with the train moving and cross wind influencing, and these sections becomes a robust aerodynamic characteristic to the changes of the conditions.
CONCLUSIONS
To investigate the running safety of the train under the strong cross wind environment, aerodynamic forces on the vehicle-bridge systems with different cases were compared and analysed based on the CFD techniques in this study. Some conclusions are drawn from this study are:
Aerodynamic coefficients of head car, intermediate car and tail car presented large difference. The drag force and moment coefficients of the head car are greater than those of the intermediate car, and the tail car showed the minimum values.
Compared with the aerodynamic performance of 10 7 , 10 5 , and 10 4 Reynolds numbers the Reynolds numbers discussed here resulted in aerodynamic characteristics obvious affected by Reynolds number in condition of 42°and 90°.
With the high-speed running train and yaw angle increases, the drag force and lift force coefficient of vehicle-bridge was gradually increased, while the head car was significantly affected.
